ABSTRACT: End-products of sulfide detoxification have been compared in three turbellarians and a gastrotrich typical of lenitic beaches with a well-developed sulfide system. Oxidation products were correlated with the oxygen concentration in the animal's habitat indicating that adaptation to life in the sulfide system involves reduction of dependency on molecular oxygen in metabolism. Archiloa wilsoni, a surface dwelling turbellarian, made sulfite and sulfate, which are rich in oxygen. Of the three sulfide-system species examined, the primary end-product in two (the turbellarian Pseudohaplogonaria sp. and the gastrotrich Dolichodasys carolinensis) was elemental sulfur which lacks oxygen The third species (the turbellarian Solenofilomorpha funilis) made thiosulfate, a compound with a high S : 0 ratio, plus sulfate and sulfite. The presence of an important pathway of sulfide oxidation with elemental sulfur as the major end-product was heretofore unknown in the animal kingdom. Its presence in two phyla, Platyhelminthes and Gastrotricha, however, indicates that it is widespread in the lower invertebrates. Similarly, the formation of thiosulfate as a major product of sulfide oxidation has not been reported previously in the invertebrates. The discoveries of two new pathways for sulfide detoxification and of major differences in sulfide metabolism within a single taxon, the turbellarian order Acoela, indicate that invertebrates have a variety of detoxification mechanisms based on sulfide oxidation and that a substantial degree of plasticity in the detoxification method can be expected even between closely related organisms. The possibility that the observed sulfide oxidation is by symbiotic prokaryotes, rather than the animals themselves, is discussed.
INTRODUCTION
The interstitial fauna of most sandy marine sediments exhibits a vertical zonation pattern that is correlated with the redox potential of the sediments. Two distinct communities exist: one typical of the oxidized surface sediments and the second, termed the sulfide system by Fenchel and Riedl (1970) , typical of the deeper reduced sediments (Fenchel and Riedl, 1970; Boaden and Platt, 1971; Ott, 1972; Crezee, 1976) . The presence of these deeper-living metazoans is unexpected since their environment is characterized by both the absence of oxygen and the presence of hydrogen sulfide, either one of which has been considered a lethal condition for all free-living metazoa (Fenchel and Riedl, 1970) .
Hydrogen sulfide is a metabolic poison (Evans, 1967) , which is lethal at low concentrations (less than l ppm) to most vertebrates (Bonn and Follis, 1967; Colby and Smith, 1967; Smith et al., 1976) and invertebrates (Oseid and Smith, 1974a, b) . To live in the sulfide system, an organism must withstand a longterm exposure to hydrogen sulfide at concentrations between 1 and 300 ppm (Bemer, 1963; Fenchel and Riedl, 1970; Wharfe, 1977) , which is well above these lethal limits. Powell et al. (1979) have shown that typical sulfide-system turbellarians and gastrotrichs incorporate less 35S-sulfide during a 2-h exposure than their surface dwelling counterparts. Data from autoradiographs of a number of the sulfide-system turbellarians showed that much of the incorporated 35S was present in the body wall and relatively little was found in the internal tissues. If the animals were exposed continuously to 35S-sulfide, the incorporation pattern persisted. Nevertheless, the label in the body wall was not permanently bound to cellular components because, if the 35S-sulfide was replaced with 32S-sulfide (unlabelled), the label in the body wall was rapidly lost. Based on this evidence, Powell et al. (1979) proposed that a sulfide detoxification system traps and detoxifies sulfide in the body wall.
The present study was undertaken to investigate the biochemical pathways by which sulfide is detoxified by these invertebrates. Four species have been investigated. One of these, Archiloa wilsoni, is an epifaunal proseriate turbellarian characteristic of the oxic surface layer of marine sediments where exposure to sulfide is occasional and short term (Ott and Machan, 1971; Jorgensen, 1977) . The other three, the acoel turbellarians Solenofilomorpha funilis and Pseudohaplogonaria sp. and the gastrotrich Dolichodasys carolinensis, are representatives of the sulfide system where exposure to sulfide is continuous and where oxygen is scarce or completely absent. Powell et al. (1979) have already described the results of autoradiography using 35S-sulfide for the three turbellarians and have concluded that all three possess a sulfide detoxification system in the body wall. The detoxification mechanism, if confirmed to be present in the animals themselves rather than, for example, symbiotic bacteria, would indicate that a number of metabolic pathways considered to be typical of bacteria are also found in the invertebrates.
MATERIALS AND METHODS
Hydrogen sulfide exists in seawater as three chemical species -H,S, HS-, and S2--depending on the pH (Goldhaber and Kaplan, 1974) . The experiments were performed at a typical sediment pH of 7.3 (Farris, 1976) . Under these conditions, significant quantities of H,S and HS-are expected (Goldhaber and Kaplan, 1974) . For the purposes of this paper, no distinction is made and both are referred to simply as 'sulfide'.
The animals were collected from the White Oak River, North Carolina sandflat described by Farris (1976) and Crezee (1976) at Crezee's 40 m collection site. For the purposes of this study, the sedimentary environment has been divided into two zones, (a) the surface, oxic layer and (b) the sulfide system which includes both the redox potential discontinuity layer and the reduced zone beneath. The animals studied will be referred to as surface animals and sulfidesystem animals. Archiloa wilsoni, the surface animal examined, is restricted to the upper 2 cm of the sediment and, in particular, is always above the redox potential discontinuity (Crezee, 1976) . The population maxima for the three sulfide-system animals, Solenofilomorpha funilis, Pseudohaplogonana sp., and Dolichodasys carolinensis, are usually found in or near the redox potential discontinuity. Furthermore, a substantial fraction of each population is usually found to extend well into the reduced zone (see Crezee, 1976 for S, funilis and Pseudohaplogonana sp.; Fenchel and Riedl. 1970 Fig. 9 # 17 for D. carolinensis), whereas few individuals are ever found in the upper 1-2 cm where A. wilsoni occurs. The vertical distributions published for these species are, for the most part, based on collection intervals of 1-2 cm. Unpublished data of E. Powell and R. Rieger indicate that important differences in vertical zonation occur in intervals of 0.5 cm or less. Furthermore, Reise and Ax (1979) have shown that infaunal tubes and burrows complicate the distributional picture considerably by introducing microoxic zones below the redox potential discontinuity. Therefore, the distributional data available is not sufficient to determine clearly whether the distributions of these three species is identical. The published data does indicate however that each belongs to the community of the sulfide system as described by Fenchel and Riedl (1970) .
For the turbellarians, the names and designations are the same as used by Crezee (1976) , although current investigations by R. Rieger indicate that Pseudohaplogonaria sp. is probably an undescribed genus close to Haploposthia. The identification of Dolichodasys carolinensis is from Ruppert and Shaw (1977) .
Animals were always used within 2 weeks of collection (usually within 1 week) and were kept in the sand in which they were collected until used. After extraction by magnesium chloride decantation (Crezee, 1976) , the animals were pipetted into a 3-m1 plexiglass chamber with two openings, one of which was covered with a 32-pm nylon mesh to prevent the animals from being flushed out of the chamber during water exchanges. The chamber was flushed with 100 m1 of nitrogen-bubbled seawater ([02] < 0.2 ppm) buffered to pH 7.3 with 10 mM Hepes buffer. 12 kCi35 S-sulfide ( [ S 2 ] = 30 ppm) was added. At least 50 animals (usually over 100) were used in each experiment. At the end of 5 h, the animals were hardened briefly (about 30 S) in 10 O/O formalin so that they could be washed without damage. They were then washed well and placed into a homogenizer with about 0.2 m1 10 mM phosphate buffer (pH = 7.0) containing 0.2 formaldehyde.
The homogenization conditions were chosen to preserve a number of commonly occurring, but reactive, sulfur species (i. e., SO:-, S20:-, So). Reactions between So and S,O;-are too slow to be important to this study (Roy and Trudinger, 1970) . So and S20:-are relatively stable at pH 7.0 when SO:-is not present. Sulfite was stabilized by adding formaldehyde, which reacts selectively with SO:-to form formaldehyde bisulfite (Pollard et al., 1964) . Thus, all three compounds were relatively stable in the above solution.
The animals were homogenized and the entire homogenate was immediately spotted onto Gelman SA thin layer chromatography paper (Kelly, 1970 (Pollard et al., 1962) . The experimental chromatograms were sliced into 1 cm sections and counted in a liquid scintillation counter using tritisol (Fricke, 1975) as the scintillation cocktail.
RESULTS
The results of the thin-layer chromatography experiments are shown in Table 1 . For each species, the data obtained using toluene : methanol ( 1 : 1) as the solvent system, which alone separated all four compounds identified, are given in full to indicate the percentage of cprn present in all the oxidation products resolved relative to those still remaining at the origin and, therefore, unidentified and to show that all significant compounds moved from the origin were identified. The other solvent systems, which were used to reconfirm these identifications, failed to move one or more of the four identified compounds from the origin and also failed to resolve any additional compounds. Thus, data for each of these runs is given only as the percentage of the total cprn present on the chromatogram.
In the surface-dwelling turbellarian Archiloa wilsoni, sulfate and sulfite were the major compounds formed. Some elemental sulfur could be detected. Thiosulfate was never found. In the acoel turbellarian Pseudohaplogonaria sp., the major end-product of sulfide metabolism was elemental sulfur. Some sulfite Table 1 . Products of sulfide metabolism as determined by thin-layer chromatography of 35S-labeled compounds. Each horizontal sequence represents one chromatogram of about 50-100 animals (see methods section). A conlplete breakdown of all cprn on a chromatogram run using toluene : methanol (1:l) as the solvent system, which separated all four conlpounds identified, is given. Data from other chromatograms using other solvent systems are given only as percent of total cpm (see results section).
-: Compounds not resolved from the basehne in the solvent system used. a : ' of all cprn spotted on the chromatogram using any solvent system; b: -of all cprn which migrated from the origin when toluene : methanol (1 : 1) was used; c: cprn present where no peak occurred, probably result~ng from counting statistics and/or spot trailing; d: cprn remaining at the origin when toluene : methanol (1 : 1) was used. For the surface animal Archiloa wilsoni, a higher percentage of radioactivity remained at the origin with the toluene : methanol (1:l) solvent system (Table 1) than for the sulfide system forms. In contrast, very Iittle radioactivity remained at the origin for Solenofilomorpha funilis. Interestingly, for the two animals in which elemental sulfur was the predominate product, very similar percentages remained at the origin.
DISCUSSION

Mechanistic Considerations
Very little is known about sulfur biochemistry in invertebrates. In the only study on sulfide detoxification known to the authors, Patel and Spencer (1963) have shown that the hemoglobin of Arenicola manna possesses a detoxification capability. In fact, the information on hydrogen sulfide metabolism in vertebrates is also limited. Such pathways must exist, since the intestinal flora produces sulfide (104 M in the cow rumen; Wellinger and Wuhrmann, 1977; Baxter and van Reen, 1958; Huisingh et al., 1974) , but the pathways of detoxification remain unclear (e. g. Baxter and van Reen, 1958; Sorbo, 1958; Curtis et al., 1972) . Oxidation through sulfite to sulfate certainly occurs (Curtis et al., 1972; Siegel, 1975) and thiosulfate is often found as an intermediate. Some elemental sulfur is formed, but this is viewed as the breakdown product of a polysulfide (Sorbo, 1960) . A similar pathway is common in bacteria (Peck, 1962; Aminuddin and Nicholas, 1973; Kuenen, 1975) . Here, thiosulfate and elemental sulfur are viewed as either direct intermediates or side products depending on the bacteria and author involved (e. g., Peck, 1962; Kuenen, 1975; Pfennig, 1975; Triiper, 1975) . A second pathway, which involves the simple oxidation of sulfide to elemental sulfur, is well known in bacteria (e. g. Hansen and van Gemerden, 1972; Oltmann and Stouthamer, 1975; Pfennig, 1975) but remains unreported in the animal kingdom. In addition, sulfide is inorganically oxidized by oxygen to thiosulfate, sulfite and sulfate (Cline and Richards, 1969; Kuenen, 1975) .
All the pathways discussed above, be they bacterial, invertebrate, or vertebrate pathways, involve a n oxidation of sulfide to another inorganic sulfur compound of some kind. For the purposes of this article, these compounds can be divided into two groups. One group contains compounds composed of both sulfur and oxygen atoms and includes sulfate, sulfite, thiosulfate, and a variety of polythionates. The second group is composed of the non-oxygen containing compounds elemental sulfur and polysulfide. Within the sulfide system, with the possible exception of the redox potential discontinuity layer, oxygen is probably not sufficient to supply pathways yielding Group one compounds (e, g. SO:-, SO:-, S,O:-, etc.). A priori, these pathways appear to be precluded, leaving, as the only alternative, an oxidation, yielding elemental sulfur (S0) or polysulfide as the major end-product.
Since elemental sulfur was among the compounds detected and since some of the sulfide-system biota are known to harbor bacterial symbionts (e, g. Fenchel et al., 1977; Powell et al., 1979) , we were concerned that symbiotic bacteria might be responsible for the formation of this compound. Transmission EM studies of Dolichodasys carolinensis and Pseudohaplogonaria sp., however, did not reveal any symbiotic bacteria and support the interpretation that the animals, themselves, make the detected compounds. Low and highpower electron micrographs of several cross sections through the body wall of D. carolinensis, in the region of the gonad, revealed only one profile within the basal layer of the cuticle which might be identified as a bacterium. In addition, Ruppert and Shaw (1977) did not report the presence of symbiotic bacteria in this species. An EM survey of some cross sections in the region of the mouth opening (mid body) of a Bou~n-fixed specimen of Pseudohaplogonaria sp., also failed to demonstrate any bacterial associations (courtesy Dr. Stephen Gardiner and Julian Smith). Since sulfide oxidation pathways are well characterized in prokaryotes, but, excepting the study of Patel and Spencer (1963) , are unreported in eukaryotes, the possibility that the sulfide oxidation reported by us is due to activity of symbiotic bacteria must still be taken seriously. Confirmation of these findings by other workers is clearly required to establish beyond doubt that these pathways are non-bacterial. The above data strongly suggests this to be the case. Even if there is a contribution from prokaryotes, however, the results are ecologically very significant.
The pathway utilized by Archiloa wilsoni involves an oxidation to sulfate via sulfite. This pathway resembles the typical sulfide oxidation pathway with an oxygen atom source that is described for mammals (Siegel, 1975) and bacteria (e. g., Kuenen, 1975) . Since no thiosulfate was detected, this pathway evidently differs from the one described by Sorbo (1960) . The small amount of elemental sulfur detected may be interpreted as the breakdown product of a polysulfide (e. g., Sorbo, 1960) or a side reaction. Sulfite is certainly the major intermediate as has been found by most workers (e. g., Aleem, 1975; Kuenen, 1975) . The pathway is clearly oxygen atom intensive, as might be expected, since A. wilsoni is restricted to the surface layer.
Elemental sulfur is the end-product found in two of the three sulfide-system animals examined, Dolichodasys carolinensis and Pseudohaplogonaria sp. Pathways yielding elemental sulfur as the principle endproduct are common in prokaryotes (e. g., Aleem, 1975; Triiper, 1975) , known in some higher plants (e. g., Knobloch 1966a, b) , and may be present in fungi (Pezet and Pont, 1977) . Only two instances of elemental sulfur formation have been reported in the animal kingdom to our knowledge. Meister et al. (1954) reported that rat liver extracts could oxidize cysteine to pyruvate and elemental sulfur. Pate1 and Spencer (1963) suggested that one of the end-products of sulfide oxidation by the hemoglobin of Arenicola marina might be elemental sulfur. The presence of elemental sulfur as a major end-product of sulfide metabolism, however, has not been demonstrated previously in the animal kingdom to our knowledge. The formation of elemental sulfur is, however, predictable since elemental sulfur is a nontoxic form of sulfur not requiring oxygen atoms and oxygen atoms are certainly in limited supply in the sulfide system. In comparison to Archiloa wilsoni, much lower percentages of sulfite and sulfate are present in Pseudohaplogonaria sp: and D. carolinensis. Their presence may be evidence for a second pathway used when an oxygen atom source is available or the oxidation of some sulfide present in the animal during post-incubation preparation. Homogenization, for example, was not done in an oxygen-free system. The absence of thiosulfate suggests the former since thiosulfate is usually a product of inorganic sulfide oxidation reactions with oxygen (Cline and Richards, 1969; O'brien and Birkner, 1977) .
A more complicated situation is present in the third sulfide-system animal, Solenofilomorpha funilis. Elemental sulfur is formed in varying amounts but is not a major end-product. Sulfite and sulfate are present in quantities substantially larger than found in either Dolichodasys carolinensis or Pseudohaplogonana sp., and almost certainly represent a functional pathway ostensibly similar to the one found in Archiloa wilsoni. The primary end-product, however, appears to be thiosulfate. Thus S. funilis is the only sulfide-system animal studied whose primary end-product contains oxygen atoms. The formation of thiosulfate in a n invertebrate has not been reported previously, and the formation of thiosulfate as the primary end-product of sulfide oxidation is quite rare even in bacteria. Normally it occurs as an intermediate (e. g. Sorbo, 1960; Triiper, 1975; and others referenced previously) . It is particularly interesting that thiosulfate was undetectable in A. wilsoni even though sulfate was the endproduct, yet the primary end-product in S. funilis even with sulfate formed in considerable quantities.
Exploitation of the sulfide system requires the ability to live under low oxygen tensions. One possible adaptational strategy, the reduction of dependency on molecular oxygen in metabolism, is clearly demonstrated by these data. The end-product formed by Archiloa wilsoni, sulfate, contains sulfur at its highest oxidation state and four atoms of oxygen per sulfur atom. The presence of an oxygen intensive pathway of this sort should require an abundant oxygen supply such as occurs in the surface layer where A. wilsoni is found. On the other hand, in the sulfide system, oxygen is present in only small amounts in the redox potential discontinuity and absent below it. The end-products formed by the three animals examined consistently contain sulfur at a lower oxidation state than sulfate and, in two species, the end-product, So, contains no oxygen atoms at all. In the third species, the oxidation products contain oxygen, but one of them, S, O: -, has the highest S : 0 ratio of any commonly occurring oxyacid of sulfur.
The formation of thiosulfate, which requires oxygen, by Solenofilomorpha funilis but not by Pseudohaplogonaria sp. or Dolichodasys carolinensis suggests a fundamental difference in oxygen availability either environmentally or metabolically between S. funilis and the other two. Is S. funilis adapted to living in the low oxygen environment of the redox potential discontinuity, where oxygen atoms are present but often in short supply? In addition, migrations of the discontinuity observed by Ott and Machan (1971) and Ankar and Jansson (1973) imply a significant change in oxygen concentration with the tidal cycle and over longer periods. Animals living under these conditions might have a number of pathways available for use depending on the ambient oxygen concentration, including those with oxygen dependent end-products. Based on the above considerations, one might predict that S. funilis lives nearer to the oxic layer, on the average, than either Pseudohaplogonaria sp. or Dolichodasys carolinensis. On the other hand, Reise and Ax (1979) have shown that many so-called sulfide-system species are associated with the micro-oxic zones of infaunal burrows. Perhaps S. funilis is one of these. Further distributional studies are needed to determine whether the complicated detoxification system of S. funilis actually has an environmental correlation.
Since elemental sulfur formation from sulfide does not require oxygen atoms, why is this pathway relatively unimportant in Solenofilomorpha funilis? Ele-mental sulfur is extremely insoluble in sea-water. Bacteria that form sulfur often contain large vacuoles filled with it in their cytoplasm. The excretion of elemental sulfur from cells may be more difficult and require more energy than the removal of an inorganic ion such as thiosulfate or sulfate, both of which are water soluble and easily removed simply by diffusion. Interestingly, the two animals making elemental sulfur have less extractable 35S than S. funilis (i. e. more cpm remained at the origin; Table 1 ). This may be more than just coincidence and may indicate that this pathway requires the incorporation of some sulfur in a tightly bound form. The binding of sulfide to a membrane-bound polysulfide either as a n intermediate or as a mechanism to handle the insoluble elemental sulfur could be responsible. A membrane-bound polysulfide has been implicated in a number of bacterial systems (Aminuddin and Nicholas, 1973; Aleem, 1975) . Thus, one might expect the formation of a soluble salt when possible. Thiosulfate has a low toxicity (Sorbo, 1972; Stine et al., 1976) . It also has the best sulfur oxygen (S : 0 ) ratio of any common oxyacid and, therefore, might be expected to replace elemental sulfur as a n end-product under low oxygen conditions.
The presence of oxygen atoms in some of the compounds produced during these anoxic experiments implies the availability of oxygen atoms in some form during the experiments. This oxygen atom supply could be of two kinds. A storage system may be present. Oxygen storage is relatively common in invertebrates (e. g., Mangum and van Winkle, 1973) . The MgCl, decantation process used to extract the animals from the sediment results in the exposure of these animals to molecular oxygen. Therefore, sulfide-system animals certainly had the opportunity to acquire and store oxygen. The presence of oxyacids as endproducts in Solenofilomorpha funilis and Archiloa wilsoni might indicate that such a phenomenon exists. Alternatively, a compound such as nitrate or carbonate may be the source. Bacteria certainly use nitrate reduction as an oxygen atom source ( Aminuddin and Nicholas, 1973; Aleem, 1975) . Such a mechanism has been proposed as a possible pathway present in animals of the sulfide system to account for the presence of cytochromes in some of these animals (Maguire and Boaden, 1975) .
In contrast to Archiloa wilsoni and Solenofilomorpha funilis, the ability to acquire and use oxygen atoms seems to be poorly developed in Pseudohaplogonaria sp. and Dolichodasys carolinensis even though they went through the same extraction process. At least they do not make use of oxygen atoms in sulfide metabolism to any great degree. The possibility exists that the sulfite and sulfate observed in these animals may be simply a slde reaction with oxygen that occurred during the post-incubation procedure. ~u l f l d e system animals should be euryoxic or facultatively anaerobic. (See Hammen, 1976 for the correct usage of these terms). The evidence here certainly supports this hypothesis.
Phylogenetic Considerations
When Fenchel and Riedl (1970.) described the sulfide system, they noted the remarkable similarity of its chemical environment to the anoxic, reducing environment of the primitive earth (Cloud, 1968) . They stressed the number of supposedly primitive groups of metazoans either restricted to or well represented in the sulfide system (e. g. various types of bacteria, protozoa, fungi, and primitive metazoa) and suggested that this habitat might, therefore, be a relict one, containing direct descendants of the most primitive metazoa. Boaden (1975) and Maguire and Boaden (1975) have expanded on this concept by suggesting that the first metazoa were anaerobes living in reducing conditions and that direct descendants of these early metazoans may be found within the sulfide system. Some animals of the sulfide system might, therefore, retain the biochemical pathways of the earliest metazoa.
Studies on the intermediary metabolism of invertebrates have shown that many invertebrates are excellent anaerobes (e. g., molluscs: de Zwaan et al., 1976; annelids: Zebe, 1975; parasitic Platyhelminthes and Aschelminthes: Saz, 1971) , and the evidence from the present study indicates that sulfide-system forms are, as expected, well adapted for life without oxygen. On the other hand, a variety of important chemicaI pathways are obligatorily aerobic. These include sterol synthesis (Goldfine, 1965; Morris, 1978) and collagen synthesis (Towe, 1970) . If the data presented here and elsewhere (e. g., Schiemer, 1973; Wieser, et al., 1974 ) is interpreted as evidence for either facultative or obligate anaerobiosis, how are these apparently oxygenrequiring processes performed in these animals? An obligatorily anaerobic metazoan may be impossible (see also Reise and Ax, 1979) . If Boaden (1975) is correct, however, then this ability to withstand anoxia is a primitive feature and the utilization of oxygen has been acquired or enhanced during invertebrate evolution. Since sulfide is accepted as a major constituent of both the primitive earth and anoxic environments of today's ocean, since the presence of sulfide detoxification pathways appears to be widespread among the invertebrates, and since both oxygen dependent and oxygen independent pathways are clearly present, the pattern of occurence of the pathways of sulfide metabolism in the lower metazoa may provide the kind of data needed to test Boaden's hypothesis. If, for example, the formation of elemental sulfur is judged to be a primitive feature, and not an environmentally dictated convergence, then one might deduce that the original metazoan had an anaerobic detoxification system and to this extent, at least, that it functioned as a n anaerobe.
Elemental sulfur is formed by two different phyla, the Platyhelminthes and the Gastrotricha, which are not now viewed as being particularly closely related within the lower metazoa (Rieger, 1976) . If both Pseudohaplogonaria sp. and Dolichodasys carolinensis were judged to be primitive within their respective phyla, then an interpretation that the pathways ending in elemental sulfur were primitive might be tenable. Pseudohaplogonaria sp. may be considered by some as a primitive turbellarian since it is an acoel (Westblad, 1948; Steinboch, 1966 ; but see Ax, 1963 for contrary views). On the other hand, based on the presence of a complex U-shaped caudal organ, highly aberrant sperm morphology (Ruppert and Shaw, 1977) , and the occurrence of multiciliated cells in the epidermis (Rieger, 1976) , D. carolinensis can be considered an evolutionally advanced gastrotrich. Thus two animals having quite different evolutionary histories make elemental sulfur. In addition, within the relatively circumscribed group, the Acoela (Tyler and Rieger, 1977 and references therein), are two animals, Solenofilomorpha funilis and Pseudohaplogonaria sp. with different types of sulfide metabolism as judged from the end-products produced. One makes elemental sulfur and essentially no thiosulfate, whereas the other makes thiosulfate and much less elemental sulfur. There appears to be a substantial amount of plasticity in the pathways and. end-products of sulfide metabolism even within one turbellarian order, the Acoela. These facts indicate that the formation of elemental sulfur observed here is probably the result of an evolutionary convergence dictated by the anoxic interstitial environment.
A second species of Dolichodasys, D. delicatus, occurs in the shallow subtidal (Ruppert and Shaw, 1977) and intertidally (Rieger, unpublished) on lotic beaches. This environment contains oxygen and resembles, in this regard, the surface layer inhabited by Archiloa wilsoni. If the type of sulfide metabolism is environmentally determined, than D. delicatus should closely resemble A. wilsoni, but not D, carolinensis, in this respect. The investigation of two very closely related species such as these, which occur in two very different habitats, should provide a test of the phylogenetic and environmental interpretations of these pathways as discussed here.
CONCLUSIONS
Life in the sulfide system requires the ability to tolerate continuous sulfide stress. In addition, since most of the sulfide produced in marine sediments is reoxidized at the surface (Jorgensen, 1977) , the surface dwelling animals must also be expected to have adaptations to withstand short-term sulfide stress. Powell et al. (1979) have demonstrated that a sulfide detoxification system exists in the body wall of a number of interstitial metazoans. The data presented here show that this detoxification always consists of an oxidation, with a number of compounds formed depending on the animal and habitat in question. These compounds include sulfate, sulfite, thiosulfate, and elemental sulfur. The discovery of the formation of two compounds, thiosulfate and elemental sulfur, neither of which, to our knowledge, has been reported before in the invertebrates, underscores how little is really known about sulfur metabolism in the invertebrates. There can be no doubt that the ability to detoxify sulfide must play an important role in determining the observed vertical distribution patterns and the resulting community structure of soft-sediment meiofaunal populations. The greater sulfide tolerance in the macrofauna living on or in sediments with a sulfide system (Jacubowa and Malm, 1931; Theede et al., 1969) , and the changes in macrofaunal community structure accompanying long-term vertical shifts in the location of the redox potential discontinuity (Ankar and Jansson, 1973; Reimers, 1976) suggests that adaptations for sulfide detoxification may play an important role in macrofaunal community composition as well.
